Summary
INTrODuCTION
The development and assimilation of new materials possessing, besides biocompatibility and functionality, degradability in vivo presents a specialised problem that is considerably more complex compared with the difficulties encountered in building materials and systems for longterm and permanent functioning. The areas of application of resorbable polymeric materials are already wide. Temporary-action materials and implants, compensating for a defect or damaged tissue in the body and having a healing effect, should at strictly specified times undergo biodegradation with simultaneous substitution by new tissue structures [1] [2] [3] [4] .
When polymers come into contact with biologically active media of the body, the process of biodegradation of the polymer occurs. Here, biologically active (for example, enzymatic) media exhibit catalytic activity in relation to chemically unstable bonds in polymers [5] . The mechanism by which enzymes of the human body act on polymers is extremely complex because, for the vast majority of polymers, in this case specific enzymes do not exist. For example, the biodegradation of chitosan, a polymer holding huge promise for the creation of medicinal materials, proceeds as a process of enzymatic hydrolysis of macrochains by β-glycoside bonds under the action of lysosome enzymes nonspecific to chitosan [6, 7] . Here, the form of the material (for example, solution, gel, film) determines features of the kinetics of the given process, as, from the topochemical point of view, there is a fundamental difference between the availability of an enzyme for interaction with units of the polymer in solution and the availability in a solid specimen. For a whole number of polymeric materials, for example polymer films, the occurrence of enzymatic degradation of the polymer begins from the surface and is realised after penetration into the polymeric material of the biologically active medium or adsorption of the enzyme on the surface of the specimen. Film materials based on chitosan are of great interest for use as protective materials [8] [9] [10] , including in the healing of surgical, burn, and slow-healing wounds. It is the rate of enzymatic hydrolysis of chitosan that will predetermine the service life of the film material on the wound surface. The inclusion of a medicine in the film, for example the aminoglycoside-series antibiotic amikacin, which is widely used in medical practice, may lead to a change in the enzymatic stability of the film material, which dictates the need to study the kinetic parameters of the process of enzymatic hydrolysis of film specimens of chitosan, including instances where medicines are contained in the film.
EXPErImENTaL
The investigation was conducted on chitosan (CTS) produced by ZAO Bioprogress (Shchelkovo, Russia) with a viscosity-average molecular weight M η of 113 000, and also the aminoglycoside-series antibiotic amikacin sulphate (AMS) produced by OOO Sintez (Russia). As the enzymatic compound, use was made of hualuronidase (trade name Liraza) produced by ZAO Mikrogen (Moscow, Russia).
The concentration of the enzymatic compound amounted to 0.1, 0.2, and 0.3 g/L. As the solvent, use was made of 1% acetic acid. The CTS concentration in the solution during enzymatic hydrolysis (C e.h ) was varied from 0.1 to 5.0 g/dL. The antibiotic amikacin sulphate (AMS), dissolved in a small quantity of water, was added to the CTS solution in a CTS:AMS molar ratio of 1:0.1. The intrinsic viscosity of CTS [η] in acetic acid solution was determined by the Irzhak and Baranov method [11, 12] from the slope tangent on the initial section of the curve of the dependence of ln η rel on the CTS concentration in solution c, making it possible to eliminate the appearance of the effect of polyelectrolyte swelling during the determination of the intrinsic viscosity [13] . In experiments to determine the values of the intrinsic viscosity of CTS in the course of enzymatic hydrolysis [η] t , a solution of CTS in acetic acid, to which a solution of enzymatic compound was added, survived for a certain time at a temperature of 36°C, after which the process of enzymatic hydrolysis was stopped by boiling of the initial solution for 30 min in a water bath. Then, from the solution of initial concentration C e.h , a solution was prepared by dilution for determining the intrinsic viscosity with a concentration C = 0.15 g/dL. The value of the initial rate of enzymatic hydrolysis V 0 was calculated by means of the formula [14] ( 1) where C e.h is the concentration of chitosan undergoing the process of enzymatic hydrolysis in solution (g/dL), t is the hydrolysis time (min), and K and α are constants in the Mark-Kuhn-Houwink equation.
To determine the constants K and α necessary for calculating the values of the initial rate of enzymatic hydrolysis by means of equation (1), a specimen of initial CTS was fractionated into ten fractions in the molecular weight range 20 000-150 000 Da. The absolute value of the molecular weights of the CTS fractions was determined by combining the methods of accelerated sedimentation and viscometry. The values of the constants α and K in the Mark-Kuhn-Houwink equation for the CTS specimen we used in a 1% acetic acid solution amounted to 1.02 and 0.55 × 10 −4 respectively. The values of the constants α and K for CTS in a 1% acetic acid solution in the presence of AMS with a CTS:AMS molar ratio of 1:0.1 amounted to 0.83 and 3.19 × 10 −4 respectively.
CTS and also CTS-AMS films were produced by casting a 2% CTS solution onto the surface of glass in a petri dish. To study the process of enzymatic hydrolysis of the film specimens, a specimen with linear dimensions a and b was cut from the film using templates. The thickness of the films was kept constant at 100 µm. The precise volume of a film specimen was calculated on the basis of the values of the mass and density of the film.
The density values of CTS obtained in the form of a film specimen in the presence of AMS with a CTS:AMS molar ratio of 1:0.1, determined by the picnometric method, amounted to 1.48 g/cm 3 . The error in determining density did not exceed 2%.
To conduct an experiment modelling the process of enzymatic hydrolysis of CTS on a wound surface, a film specimen of CTS was placed on a substrate wetted with a solution of enzyme compound in 1% acetic acid and was held for a certain time at constant temperature (36°C). After holding, the process of enzymatic hydrolysis was stopped by deactivating the enzyme by boiling for 30 min in a water bath. Then, the film was dissolved in 1% acetic acid, and the current value of the intrinsic viscosity of the polymer [η] t was determined.
rESuLTS aND DISCuSSION
Previously we have shown on more than one occasion [15] [16] [17] that the holding of a CTS solution in the presence of an enzyme compound is accompanied with a consistent reduction in the intrinsic viscosity of CTS, which indicates a reduction in its molecular weight owing to the occurrence of the process of enzymatic hydrolysis. The addition of AMS to CTS solution does not lead to any fundamental change in the form of the kinetic curve ( Figure 1) ; nevertheless, the presence of AMS introduced certain features, depending on the change in the intrinsic viscosity of CTS as a function of the time of its contact with the enzyme compound solution.
Thus, the curves of change in the intrinsic viscosity of CTS both in the absence and in the presence of AMS have a similar nature. With short times of hydrolysis, the curves of change in viscosity are linear in nature. Subsequent enzymatic exposure of the CTS solution affects the degree to which the viscosity falls to a much lesser degree, i.e. the rate of the reaction decreases with time.
Such a shape of the kinetic curves is characteristic of most enzymatic reactions [18] . The value of the rate of enzymatic hydrolysis of CTS was calculated on the initial (linear) section of the dependence of [η] on t.
Likewise, the introduction of AMS affects the value of the initial intrinsic viscosity of CTS. Whereas in the absence of AMS the value of the intrinsic viscosity of CTS was defined as [η] = 7.8 dL/g, in the presence of AMS [η] = 5.2 dL/g. This fact indicates that the introduction of a medicinal compound is accompanied with a certain tightening of the molecular coil.
An effect of AMS of this kind can be explained if it is borne in mind that the antibiotic used is a low-molecularweight electrolyte, the presence of which in the CTS
Figure 1. The dependence of the intrinsic viscosity of CTS isolated from solution (a) and from film specimens (b) in the absence (1) and in the presence (2) of AMS on the holding time with a solution of enzyme compound of 0.3 g/dL concentration

Figure 2. The dependence of the initial rate of enzymatic hydrolysis of CTS (1) and CTS-AMS (2) on the CTS concentration in solution with an enzyme compound concentration of 0.3 g/L
solution causes an increase in the ionic strength of the solution and suppression of the effect of polyelectrolyte swelling. Furthermore, the rate of fall in the intrinsic viscosity as a function of the holding time of the CTS solution in the enzyme compound solution in the absence and presence of AMS is also different.
The observed dependences of the initial rate of enzymatic hydrolysis of CTS in the presence of AMS (Figure 2) can be described within the framework of the Michaelis-Menten scheme, just as in the case of enzymatic hydrolysis of CTS in the absence of a medicinal compound [15] .
The values of the Michaelis constant K m and the maximum rate of enzymatic hydrolysis V max , determined using the Lineweaver-Berk graphical method [18] , are presented in Table 1 . Note that the values of the slope tangent on the initial section of the experimental curve of the dependence of the rate of enzymatic hydrolysis on the concentration of the substrate (CTS) tg(V 0 vs C) are similar to the calculated ratio of the constants V max /K m .
Of note is the fact that the addition of AMS affects both the value of the rate V max and the value of the Michaelis constant K m , which makes it possible to describe the effect of AMS within the framework of a model of mixed inhibition [19, 20] .
In both cases (both in the absence of AMS and in its presence), when the reaction is carried out under conditions of excess substrate, the maximum rate of the reaction depends linearly on the concentration of the enzyme (Figure 3) .
In comparisons of the slope of the dependence of the maximum rate of enzymatic hydrolysis on the concentration of the enzyme compound in solution, a conclusion can be drawn that the addition of AMS to CTS causes a certain reduction in the activity of the enzyme compound.
A similar form of the kinetic curves in Figures 1a and  b for the case of the enzymatic hydrolysis of CTS solutions and films can also be noted, but, from the topochemical viewpoint, these reactions are substantially different. When enzymatic hydrolysis is carried out in solution, it is possible, in a first approximation, to assume equally probable availability of any glycoside bond of any chain for reaction with the enzyme. At the same time, for film specimens, such a reaction is possible only for units located on the surface of the film in contact with the enzyme solution. Here, the proportion of surface units will be extremely small by comparison with the total number of glycoside bonds.
In a very first approximation, the problem of describing the kinetics of film hydrolysis can be presented as the determination of the rate of hydrolysis in solution with a chitosan concentration c s (g/dL) corresponding to the concentration of surface units within the enzyme solution, i.e. (2) where m s is the mass of monomer units of the CTS on the surface of the film (g), and V sol is the volume of the solution of enzyme compound with which the film is in contact (dL).
To assess the mass of monomer units of CTS on the surface of the film, the following reasoning was used. Knowing the mass m f of the film specimen, it is possible to calculate the number of monomer chitosan units n f for the entire volume of the film:
where M u is the molecular weight of a CTS unit, and N A is Avogadro's number.
Let us assume that a monomer unit of CTS is inserted into a cube with a face d. The volume occupied by the monomer unit within the film is equal to v u = V f /n f , where V f is the volume of the film specimen. Hence, the size of the face d = (v u ) 1/3 . Now it is possible to estimate how many monomer units n u , each of which occupies an area s u = d 2 , are positioned on the surface of the film with an area S f in contact with the enzyme compound solution: (4) Here, account must be taken of the fact that the formed film has a rough surface, as a result of which its actual area differs from the area calculated as a × b. Figure 4 presents the surface profile of CTS-AMS film.
Data of electron scanning microscopy indicate that, owing to roughness and porosity, the surface area of CTS-AMS film is on average 2-9 times greater than the calculated area. Accordingly, to determine the number of monomer units n u , it is necessary to take into account the actual surface area of the film. Having determined n u , it is possible to find the sought quantity c s .
Moreover, by varying the size of the film specimen, it is possible to produce a number of films with different surface concentrations of CTS units c s and to determine for them the rate of enzymatic hydrolysis V 0 by means of equation (1) ( Table 2) .
On the other hand, if we proceed on the basis of the fact that the rate constant of breakdown of the glycoside bond on the film surface has the same value as in polymer solution, the value of V 0 on the initial section of the dependence of the rate of enzymatic hydrolysis on the concentration of the substrate (CTS) can be calculated as (5) As can be seen from the data in Table 2 , the values of the initial rate of enzymatic hydrolysis of film specimens, determined by means of equations (1) and (5), are in good agreement with each other. This fact indicates that the enzymatic hydrolysis of medicinal CTS-AMS films obeys the same kinetic relationships as hydrolysis of the polymer in solution and is described satisfactorily within the framework of the Michaelis-Menten mechanism. CONCLuSIONS 1. It has been established that the enzymatic hydrolysis of film specimens of chitosan in the presence of amikacin, obtained from solution, obeys the same kinetic relationships as the hydrolysis of the polymer in solution, and here the rate of enzymatic hydrolysis of chitosan is related directly to the concentration of the enzyme compound C e . (5) 2. It has been shown that the addition of amikacin causes a reduction in the rate of enzymatic hydrolysis of chitosan both in solution and in the form of films, which in the final analysis leads to a more prolonged service life of film materials on the wound surface.
rEFErENCES
